Objectives: Describe axial elongation using 14-year longitudinal data in a large, ethnically diverse group of myopic children, estimate age and axial length (AL) at stabilization, and evaluate associations between the progression and stabilization of AL and myopia. Methods: Axial length was measured by A-scan ultrasonography annually. Axial length data were fit with individual polynomial functions and curvebased parameters (AL at stabilization and age at stabilization when annual rate of axial elongation #0.06 mm) were estimated. For myopia progression, noncycloplegic spherical equivalent refractions were fit with Gompertz functions. Results: Four hundred thirty-one participants, with AL and myopia data fit successfully, were classified into four cohorts: Younger (n¼30); Older (n¼334); AL Stabilized at Baseline (n¼19); and AL Not Stabilized (n¼48). At AL stabilization, for participants in the Younger and Older Cohorts, mean (SD) age and AL were 16.3 (2.4) years and 25.2 (0.9) mm, respectively. No associations were found between age at AL stabilization and ethnicity, sex, or number of myopic parents. At stabilization, sex and number of myopic parents (both P,0.003), but not ethnicity, were significantly associated with AL. Axial length and myopia progression curves were highly correlated overall (all r.0.77, P,0.0001). However, unlike AL, the amount of myopia did not differ significantly between males and females. Conclusions: In most of the participants, AL increased rapidly at younger ages and then slowed and stabilized. The close association between growth and stabilization of AL and myopia is consistent with the suggestion that axial elongation is the primary ocular component in myopia progression and stabilization.
R efractive error occurs when there is a mismatch between the location of the focal plane, produced by the cornea and the crystalline lens, and the location of the retina, which is controlled by the axial length (AL) of the eye. In the early postnatal period, refractive error is common in both humans and animals. Most children's eyes are hyperopic during this period; the AL is too short for the eye's optics. [1] [2] [3] [4] During postnatal development, an emmetropization mechanism modulates axial growth of the eye, so that the retina comes to lie at or near the focal plane, as evidenced by animal studies. [5] [6] [7] [8] [9] [10] This process typically occurs in children before two years of age. 2, 3, 11 During early childhood, refractive error remains low in most children although the AL increases by several millimeters, [12] [13] [14] [15] [16] suggesting that the emmetropization mechanism continues to actively match eye growth to the optical power of the eye.
Despite the presence of an emmetropization mechanism, some children's eyes gradually elongate beyond the point of emmetropia, so that the retina comes to be located behind the focal plane, producing myopia. Juvenile-onset myopia typically develops between 6 and 12 years of age. [17] [18] [19] [20] [21] Why the eyes of these children grow more than is needed to maintain emmetropia is not fully understood. Genetic factors can be involved, 22, 23 as may factors related to the visual environment such as inaccurate accommodation to near targets, which produces hyperopic defocus, 24, 25 peripheral defocus, 26 or limited time outdoors. [27] [28] [29] In many children, the amount of myopia increases for several years during the adolescent period before myopia stabilization occurs. 30, 31 Of considerable interest is the role of axial elongation in progression and stabilization of juvenile-onset myopia. Animal studies have concluded that induced myopia is primarily due to increases in AL over and above normal growth. 8, 32, 33 Only a few studies have directly compared myopia progression and axial elongation in children, and most have evaluated the relationship over a limited period. 12, 13, 15, [34] [35] [36] [37] [38] The consistent finding has been a high correlation between the progression of myopia and increases in AL, particularly in the early phases of more rapid progression and eye growth. For instance, the COMET study 36 found a high correlation between increased AL and myopia progression for males and females (r¼0.90 and 0.87, respectively) over a 3-year period. However, most previous studies have been limited by short follow-up periods at younger ages or high losses to follow-up for the full duration of the follow-up period, limiting their ability to characterize the full time course of axial growth and stabilization and the degree to which it parallels myopia progression and its stabilization.
A previous COMET paper 30 evaluated myopia progression over 11 years of visits, but not axial elongation. No study has followed the course of axial elongation and myopia progression in individual children until and beyond the time when myopia has stabilized. This information can be useful for understanding the mechanisms that influence the course of myopia. It also may be helpful in assessing whether changes in AL can serve as a surrogate measure for myopia progression in clinical trials where refractive changes cannot be assessed independently, such as those evaluating the success of orthokeratology as a myopia treatment.
The present report describes results from the COMET cohort. COMET began as a clinical trial evaluating two types of spectacle lenses for myopia control. After five years, COMET became a longitudinal observational study that examined myopia progression and stabilization and also measured AL over 14 years in a large, ethnically diverse group of children. The current study aimed to: (1) describe the course of axial elongation, (2) estimate the age and AL at stabilization, (3) evaluate associations between parameters at AL stabilization with baseline age, sex, ethnicity, treatment, and number of myopic parents, and (4) evaluate associations between the progression and stabilization of AL and myopia.
MATERIALS AND METHODS

Study Population
Details of the COMET study cohort, design, recruitment, and baseline characteristics have been described previously. [39] [40] [41] The COMET and protocols conform to the tenets of the Declaration of Helsinki. The research protocols were reviewed and approved by the institutional review boards of each participating institution. Informed consent (parents) and assent (children) were obtained. In brief, 469 children were recruited from the following four clinical sites: University of Alabama at Birmingham School of Optometry, Birmingham, Alabama; New England College of Optometry, Boston, Massachusetts; University of Houston College of Optometry, Houston, Texas; and Salus University Pennsylvania College of Optometry, Philadelphia, Pennsylvania. Inclusion criteria were: aged 6 to less than 12 years, spherical equivalent between 21.25 and 24.50 D in each eye, astigmatism #1.50 D in either eye, anisometropia #1.00 D spherical equivalent refraction (SER), birth weight $1,250 g, and visual acuity with distance correction of 0.20 logarithm of the minimum angle of resolution (20/32) or better. At baseline, all participants were randomly assigned to wear either progressive addition lenses (PALs), Varilux comfort with +2.0 D add, or single vision lenses (SVLs) during all waking hours and followed for 3 years, with the clinical trial results reported at that time. 41 The children wore their originally assigned lenses for an additional 2 years, after which they could wear any type of spectacle or contact lenses, in consultation with their study optometrist. The study then became an observational longitudinal study, with annual visits continuing for up to 14 years.
Inclusion in this current study required at least 6 years of followup and seven measures of AL. Therefore, 29 participants with less than 6 years of follow-up and 1 participant who developed keratoconus during the study were excluded from all analyses. Of the remaining 439 COMET participants who completed at least 6 years, 84% (n¼367) completed their 14-year visit. Of the 367 participants who completed 14-year visit, 74% (n¼272) completed all 14 follow-up visits, 17% (n¼63) missed only 1 visit, 5% (n¼20) missed 2 visits, 3% (n¼11) missed 3 visits, and only 0.3% (n¼1) missed 4 visits. No participant missed more than four visits. Four participants underwent refractive surgery, 2 before the 11-year visit, 1 before the 12-year visit, and 1 before the 14-year visit; therefore, their data after refractive surgery were omitted from the analyses.
Procedures
At each annual visit, AL was measured by Sonomed A-2500 (Sonomed Inc., New York, NY) ultrasonography. At least three but ideally five consecutive measurements were taken for each eye and poor-quality A-scans (e.g., poor component definition, flattened anterior chamber, or incomplete corneal touch) were deleted. 42 Axial length values were then averaged over three to five measurements. At baseline and each subsequent visit over the 14-year follow-up period, the percentage of participants having 5 measurements for each eye was 94% (441/469) or higher. Refractive error (sphere, cylinder, and axis) was measured by noncycloplegic and cycloplegic autorefraction using two drops of 1% tropicamide in both eyes using a Nidek ARK 700 autorefractor (Nidek, Gamagori, Japan). Cycloplegic autorefraction, the main clinical trial outcome measure, was measured annually. Noncycloplegic autorefraction was measured semi-annually for the first four and half years and annually thereafter. Five sequential noncycloplegic autorefraction measurements were taken in each eye. Noncycloplegic measurements, on average, were more myopic than the cycloplegic autorefraction at baseline by 0. 19 D (0.22) 39 and by 0.25 D (0.23) throughout the 14 years of follow-up. Noncycloplegic refractions were used for analyses in this study because more data points were available for curve fitting. Spherical equivalent refraction values were calculated and the five values were averaged for analyses. Because of the high correlation between right and left eyes for both AL and noncycloplegic refraction measurements at baseline 39 and at follow-up, 41 right eye data were used for these analyses.
Curve Fitting for Axial Elongation (Fractional Polynomial Function)
The fractional polynomial function was used to model longitudinal axial elongation because the fractional polynomial function has the flexibility to fit a larger variety of curves 43 and was successfully used to model nonlinear AL data in a cohort of 1775 Asian children aged 6 to 10 years. 15 The Gompertz function, which was used to model myopia progression and stabilization in COMET, 30 could not be applied to AL data because it requires imputing values for onset.
For these analyses, AL data of each participant were fit with an individual polynomial function. Curve-based parameters (i.e., age and AL at stabilization) then were estimated for each participant based on the individual function. Mean squared error (averaged differences between predicted values from the functions and observed values) was used to evaluate the quality of the model fits.
Using y to represent the AL value at each visit, a general form of the fractional polynomial function was specified as:
where a and b are unknown polynomial coefficients to be estimated, and p1 and p2 are two exponents for the power transformations of age. The values p1 and p2 were selected from the candidate set {22, 21, 20.5, 0, 0.5, 1, 2}. 43 For each combination of p1 and p2 values selected, a fractional polynomial model was fit to the AL data and a total of 28 models were tested for each participant. The age at which AL stabilized, a primary outcome of interest, was determined using the annual rate of change of AL (i.e., first derivative of the fractional polynomial function). The age at AL stabilization for each participant was defined as the age at which the annual rate of axial elongation was less than a specified cut-off point of 0.06 mm/year. This cut-off point was derived from the average within-subject variability for five repeated measures of AL values at each visit (i.e., measurement error). Among COMET participants, the average within-subject variability of five repeated measures was 0.06 mm at baseline 42 and ranged from 0.04 to 0.05 mm for all follow-up visits (years [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Because withinsubject variability can be treated as the measurement error, axial elongation less than the within-subject variability/measurement error was considered as AL stabilization. Therefore, the largest within-subject variability value of 0.06 mm was used as our criterion to define the age at AL stabilization for each participant. Once this age was established, the AL value at AL stabilization was estimated from the fractional polynomial function. In addition, AL at any age could be estimated from the function.
Axial Length Stabilized at Baseline
A group of participants was observed to have axial elongation rates less than 0.06 mm/year during the entire 14-year follow-up period. Since participants in this group seemed to have reached stable AL before they enrolled in the study, their ages at AL stabilization could not be determined by the fractional polynomial function and they were not included in the analyses for parameters of AL stabilization.
Axial Length Not Stabilized before the Last Study Visit
Participants whose annual change rate of axial elongation was higher than 0.06 mm/year at all study visits were classified as "axial length not stabilized". Because parameters of AL stabilization for these participants were not available, they were excluded from all analyses related to AL stabilization.
Baseline Age and Axial Elongation Status Group
Based on the foregoing, the axial elongation data were classified into four cohorts: (1) children with baseline age of 6 to less than 8 years and axial elongation after baseline (Younger cohort), (2) children with baseline age of 8 years and older and axial elongation after baseline (Older cohort), (3) children with AL stabilized at baseline (Axial Length Stabilized at Baseline cohort), and (4) children with axial elongation not stabilized before the last study visit (Axial Length Not Stabilized cohort). Younger and Older cohorts were examined separately because our study of myopia stabilization 30 found differences between younger and older children.
Two examples, within the fifth (low error) and 95th (higher error) percentiles of mean square error, from each of these four groups are shown in Figure 1 . These examples include observed AL values (circles) at each visit, the fitted fractional polynomial curves, and the estimated ages at stabilization (vertical lines).
Myopia Curve Fitting (Gompertz Function)
In addition to examining AL stabilization, an aim of this study was to evaluate the association between axial elongation and myopia progression. To evaluate the myopia progression in each participant, the SERs of the right eye at each visit were fit with a Gompertz function based on 14 years of data using the "NLIN" procedure of SAS. Myopia stabilization was defined as the estimated SER within 0.50 D of the asymptote of the Gompertz function. This was the same procedure used in the previous COMET analysis of myopia stabilization, based on 11-year, rather than 14-year data. 30 All individual curves were evaluated for nonconvergence and poor model fit to ensure a valid comparison between axial elongation and myopia progression; nonconverged and poor fit curves were excluded from analyses as described below. Also, from the fitted function, the amount of myopia at any age could be calculated.
Statistical Analysis
Baseline characteristics were summarized across all participants and the four cohorts using mean values and SDs for continuous variables and frequencies and percentages for categorical variables. Relationships among baseline characteristics and the four axial elongation cohorts were evaluated using analysis of variance (ANOVA) or chi-square tests. Curve-based parameters of age and AL at stabilization were summarized using mean values and SDs and were compared between the Younger and Older cohorts using two-sample t tests. Correlations between age and AL at stabilization were evaluated using Pearson correlations. The associations between baseline characteristics and age and AL at stabilization were evaluated independently in univariate ANOVA models and jointly in multivariable regression models. To evaluate the correlations between axial elongation and myopia progression curves, average curves for the four cohorts and for males and females were created using averaged polynomial coefficients. Within each cohort, the overall relationship between the AL and myopia curves was evaluated by semi-partial correlations based on linear mixed models, that is, a weighted correlation between AL and myopia at all visits. The overall correlation was tested for significance using a post hoc F-test. Linear mixed models were also used to compare average AL curves between males and females. Myopia curves were compared between males and females similarly. Associations between the AL curve-based parameters (e.g., age and AL at AL stabilization) and the Gompertz curve-based parameters (e.g., age and amount of myopia at stabilization) were assessed using scatter plots and Pearson correlations.
All analyses were performed using SAS v 9.3 (the SAS institute, Cary, NC). For all linear mixed models, the "MIXED" procedure of SAS was used. P values ,0.05 were considered statistically significant.
RESULTS
Cohort Characteristics
Longitudinal AL data from the right eyes of 439 participants were fit successfully with fractional polynomial functions (mean square error, mean (SD): 0.013 (0.014) mm 2 , maximum¼0.15 mm 2 ). Longitudinal refractive data (mean spherical equivalent) of the same 439 participants were also fit with Gompertz curves; eight curves were excluded due to nonconvergence after 2,000 iterations (n¼3) or poor fits (mean square error .0.4) (n¼5). Analyses presented in this report were based on the remaining 431 participants with both axial elongation curves and Gompertz curve fits. As shown in Table 1 (overall column), this group at baseline was on average (mean (SD)) 9.81 (1.31) years old and ethnically diverse, with 27% reporting their ethnicity as African American, 8% as Asian, 15% Hispanic, 5% Mixed, and 46% White; 53% were female. In a subset of 225 participants with parental refraction data, 37% had two myopic parents, 47% had one myopic parent and 16% had neither parent with myopia (Table 1 , overall column). Of the 431 participants with valid AL and Gompertz curves, 212 and 219 were originally assigned to the PAL and SVL treatment groups, respectively. No significant difference was found for age or AL at stabilization, or associated factors, between the two treatment groups (data not shown). Therefore, data from the two groups were combined for all analyses. The group of 431 participants was divided into the four cohorts described previously: (1) Younger cohort (n¼30), (2) Older cohort (n¼334), (3) Axial Length Stabilized at Baseline cohort (n¼19), and (4) Axial Length Not Stabilized cohort (n¼48). As shown in Table 1 , ethnicity, sex, and number of myopic parents did not vary among the four cohorts. However, baseline ages varied significantly between cohorts (all pairwise comparisons, P,0.0001). As expected, participants in the Younger cohort were the youngest (7.41 (0.51) years) and those in the Axial Length Stabilized at Baseline cohort were the oldest (11.05 (0.85) 
years).
Axial Elongation
In the Younger and Older cohorts, axial elongation demonstrated a growth pattern of rapid increase followed by slowed elongation and stabilization ( Fig. 2 A,B) . From ages of 8 to 11 years (the earliest age both cohorts could be compared), the 3-year increase in AL in the Younger cohort was 0.9 (0.3) mm. The increase was slightly, but not significantly, larger in the Older cohort (1.10 (0.3) mm) (P¼0.07). By contrast, over a later 3-year span of ages (13-16 years) , the increase was slower (P,0.001) and similar in the Younger cohort (Fig. 2C) . In the Axial Length Not Stabilized cohort, AL increased 1.0 (0.4) mm from 8 to 11 years, similar to both the Younger and Older cohorts. From 13 to 16 years, AL in this group increased 0.5 (0.1) mm (approximately half of the earlier increase) and did not stabilize before the last study visit (Fig. 2D ).
Age and Axial Length at Stabilization in the Younger and Older Cohorts
At stabilization, the average age of the 364 participants in the combined Younger and Older cohorts was 16.3 (2.4) years and AL was 25.2 (0.9) mm (Table 2 ). Age and AL at stabilization were not significantly different between the two cohorts ( Table 2 ). In analyses evaluating the relationship between age and AL at stabilization, older age of AL stabilization was moderately correlated with longer AL at stabilization overall, and for each of these cohorts separately (correlations ranging from 0.44 to 0.48, P values ,0.01) ( Table 2 ).
Factors Associated With Age and Axial Length at Stabilization
In the Younger and Older cohorts, no associations were found between the age at which AL stabilized and ethnicity, sex, or number of myopic parents (Table 3) . However, AL at stabilization (Table 4 ) was significantly associated with sex and number of myopic parents, but not ethnicity. Male eyes (25.45 (0.06) mm) were significantly longer on average than female eyes (25.02 (0.07) mm) (adjusted difference 0.44 mm, P,0.0001). Male eyes were 0.50 mm longer on average than female eyes (P,0.0001) at baseline and at all follow-up visits (P,0.0001) (Fig. 3) . However, the rate of axial elongation by sex was similar (P¼0.12). (27) 10 (33) 88 (26) 9 (47) 8 (17) 0.69 Asian 33 (8) 2 (7) 26 (8) 1 (5) 4 (8) Hispanic 63 (15) 3 (10) 49 (15) 1 (5) 10 (21) Mixed 22 (5) 1 (3) 17 (5) 1 (5) 3 (6) White 198 (46) 14 (47) 154 (46) 7 (37) 23 ( (47) 11 (37) 158 (47) 9 (47) 24 (50) (47) 4 (33) 87 (49) 3 (33) 12 (44) 2 84 (37) 6 (50) 61 (34) 6 (67) 11 (41) Younger cohort: children with baseline age of 6 to 7 years and axial elongation after baseline.
Older cohort: children with baseline age of 8 years and older and axial elongation after baseline.
Axial Length Stabilized at Baseline cohort: the annual change rates of axial elongation at all visits ,0.06 mm/year. Based on a subset of participants with parental myopia data (n¼225).
In the subset of participants with data on the number of myopic parents (Table 4) , AL at stabilization varied by number of myopic parents (P¼0.003), with the longest eyes seen in participants with 2 myopic parents (18% of participants). In paired comparisons among the three myopic parent categories, AL at stabilization differed only between participants with two myopic parents versus no myopic parents (9% of participants) (adjusted difference 0.44 mm, P¼0.03).
Comparison of Axial Elongation and Myopia Progression
For all four cohorts, myopia progression paralleled axial elongation with a high correlation between the myopia and AL curves (Fig. 2) . In the Younger and Older cohorts, progression and stabilization of myopia generally paralleled the pattern of initial rapid increase in AL followed by slowed elongation and stabilization. Semi-partial correlations based on linear mixed models comparing the AL and myopia curves for the four cohorts were:
Younger cohort, 0.85; Older cohort, 0.80; Axial Length Stabilized at Baseline, 0.30; and Axial Length Not Stabilized, 0.78 (P values ,0.0001). The correlations were similar across all ages. The low correlation for the Axial Length Stabilized at Baseline was expected because there was little change in both myopia and AL over time.
Myopia progression curves were similar for males and females (P¼0.74) (Fig. 3) . However, unlike AL, the amount of myopia did not differ between males and females at any visit (P.0.29 over all visits). Moreover, the correlations between the AL and myopia curves were similar (male r¼0.77 and female r¼0.84, both P,0.0001).
Because their ages at axial stabilization could not be determined, participants in the Axial Length Stabilized at Baseline and Axial Length Not Stabilized cohorts were not included in the following discussion. In the Younger and Older cohorts, the age at which AL and myopia each stabilized was positively correlated overall (i.e., older AL stabilization age was associated with older myopia The "Axial Length Stabilized at Baseline" cohort (n¼19) and the "Axial Not Stabilized" cohort (n¼48) were not included because parameters of axial stabilization were not available for these two groups. Based on two-sample t tests comparing mean values between two cohorts for the age and axial length at axial elongation stabilization.
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Ó 2018 Contact Lens Association of Ophthalmologistsstabilization age (r¼0.64, P,0.0001) and by sex (male r¼0.65 and female r¼0.63, both P,0.0001)) (Fig. 4A) . Similar results were observed for AL and amount of myopia at stabilization (Fig. 4B) . At stabilization, longer AL was associated with more myopia overall (r¼0.54, P,0.0001) and for each sex (male r¼0.54 and female r¼0.61, both P,0.0001).
In the Younger and Older cohorts, age at stabilization of AL and of myopia could be compared. Axial length stabilized at an older age than did myopia in both the Younger cohort (AL 16.5 (2.7) years and myopia 14.3 (3.4) years, P,0.0001) ( Fig. 2A) and the Older cohort (AL 16.2 (2.4) years and myopia 15.5 (3.6) years, P,0.0001) (Fig. 2B) , although the age difference of 0.7 years was smaller for the Older cohort.
DISCUSSION
This 14-year longitudinal study in a large, ethnically diverse group of myopic participants from COMET found three patterns of AL change over time. On average, most (84.4%) participants (the Younger and Older cohorts) showed similar high rates of axial elongation during the first three years after baseline, followed by slower axial elongation between 13 and 16 years of age and The "Axial Length Stabilized at Baseline" cohort (n¼19) and the "Axial Length Not Stabilized" cohort (n¼48) were not included because parameters of axial stabilization were not available for these two groups. Based on the subset with parental myopia data (n¼225). Adjusted estimates were based on a multivariable model with ethnicity, sex, and number of myopic parents as covariates. The "Axial Length Stabilized at Baseline" cohort (n¼19) and the "Axial Not Stabilized" cohort (n¼48) were not included because parameters of axial stabilization were not available for these two groups. Based on the subset with parental myopia data (n¼225). Adjusted estimates were based on a multivariable model with ethnicity, sex, and number of myopic parents as covariates.
eventual stabilization of AL at 16.3 (2.4) years. A few (4.4%) participants (the Axial Length Stabilized at Baseline cohort) had a negligible change in AL. In the Axial Length Not Stabilized cohort (11.2% of participants), axial elongation initially was similar to the Younger and Older cohorts, but slowed less over time and did not stabilize by the end of 14 years of observation.
Stabilization of Axial Length
An important innovation of this study was providing a criterion for AL stabilization. Unlike the Gompertz function, used to estimate myopia progression and stabilization here and previously, 30, 31 the individual polynomial functions did not provide an asymptote defining AL stabilization. We used a definition based on the variability encountered in making A-scan ultrasound measures across the 14 years of the study. When annual increases in an individual function remained smaller than measurement variability (0.06 mm), the AL had effectively stabilized.
Importantly, this was an objective criterion based solely on AL measurements, allowing us to characterize the progression and stabilization of AL and measure age and AL at stabilization. In addition, we could then examine factors associated with these two parameters. Furthermore, because we independently characterized myopia progression and stabilization in the same participants we could compare, as independent variables, axial elongation and stabilization with myopia progression and stabilization.
Two other studies 13, 15 provided AL curves in progressing myopic children at ages overlapping with the ages in our study. Generally, the curves are similar, but differences in subject groupings make it difficult to compare in detail the curves across these studies. For instance, we separately plotted curves for the Younger and Older cohorts and for males vs. females, which was not performed in these studies. Wong et al. 15 used a comparable nonlinear fractional polynomial function. Interestingly, their "persistent myopia" curve (616 Singaporean children) is almost identical to our Younger cohort and covers approximately the same ages (6-11 years) , although the COMET Younger cohort has data until age 20 years. In the Jones et al. 13 study, the calculated curve for AL in the 247 "myopes" as a function of age was more linear (less curved) than the curves of our Younger, Older, and Axial Length Not Stabilized cohorts. The slope of their curve, showing increased AL over time, was similar to that of this study, but the AL values (24.5 mm at 14 years of age vs. 25.5 mm in this study) were lower, possibly because the values were derived from emmetropic data and applied to the myopic group. Neither of the previous studies provided estimates of the age of AL stabilization or AL at stabilization.
Age of Axial Length Stabilization
In the myopic participants in COMET, the range of ages at which AL stabilized was wide and varied across the four cohorts. Average age at stabilization of the 364 participants was 16.3 years in the combined Younger and Older cohorts and older age at stabilization was moderately correlated with longer AL at stabilization. Furthermore, the age at AL stabilization did not differ significantly across ethnicity, sex, or number of myopic parents (Table 3) . Mean age at AL stabilization was similar for males (mean [SE] 16.19 [0.17] years) and females (16.33 [0.18] years), suggesting that the factors controlling the cessation of eye growth are independent of sex. Age at AL stabilization in these cohorts also did not vary based on the number of myopic parents. In the 19 participants in the Axial Length Stabilized at Baseline cohort, AL stabilized at a mean age of 11 years. In the 48 participants from the Axial Length Not Stabilized cohort, AL was still increasing at a mean age of about 23 years; thus, these data were not included in the above analyses.
Axial Length When Stabilized
The AL at stabilization was significantly associated with sex (males had longer eyes) ( Table 4) but not ethnicity. The difference in eye length in males and females occurred at an early age. At baseline, male eyes were longer than female eyes by 0.44 mm. 39 This difference was sustained from baseline to stabilization, so that males had longer eyes than females at all visits. However, the rate of axial elongation from baseline to stabilization did not vary by sex. The similar axial elongation rate in males and females was seen initially in COMET between baseline and the 3-year visit (nonsignificant difference of 0.02 mm in axial elongation). 36 
FIG. 3.
Axial elongation and myopia progression by age for males and females (n¼431). The axial length and myopia curves were truncated at 10 and 21 years of age to include data from both the Younger and Older cohorts at each age. The Younger cohort did not have data after 21 years of age and the Older cohort did not have data before 8 years of age. r: semi-partial correlations between the axial length and myopia curves were based on linear mixed models and performed separately for males and females.
Comparable rates of axial elongation in males and females after 2 years of follow-up also were found in a clinical trial evaluating orthokeratology compared with spectacles to slow myopia progression in 128 Chinese children between 7 and 14 years of age. 44 Axial length at stabilization also was significantly longer in participants with two (18% of participants) versus no (9% of participants) myopic parents, suggesting a role for genetics and/or a shared environment. However, there was not a significant difference in AL between participants with one vs. two myopic parents, suggesting that having any myopic parent could promote longer AL.
Progression of Axial Length and Myopia
Using longitudinal data, our study evaluated the correlation between axial elongation and myopia progression. This is the first study to follow and compare longitudinal data on both parameters over a long period in a large, ethnically diverse group of myopes. For all four cohorts, there was a strong parallel between axial length and myopia longitudinal curves throughout the follow-up period (Fig. 2) . Participants in the Younger and Older cohorts had a parallel, rapid increase in both AL and myopia, followed by slowing and stabilization in both. The small number of participants whose AL had stabilized when they entered the study showed very limited myopia progression. The myopia in the group whose axial elongation did not stabilize after 14 years also showed a parallel progression with axial elongation.
The correlation (r¼0.87) between axial elongation and myopia progression from baseline to AL stabilization in this study was very similar to the correlation (r¼0.88) between myopia elongation and myopia progression we reported in the COMET cohort after 3 years of follow-up. 36 To the extent their data allowed, other longitudinal studies 13, 15, 34 noted a correspondence between axial elongation and myopia progression. However, those studies did not directly compare the shapes of the axial elongation and myopia progression curves in the same individuals, nor could they follow both AL and myopia to stabilization as done in this study. Two studies with much shorter follow-up of 2.5 to 3 years in children at earlier stages of myopia found significant correlations between axial elongation and myopia progression of 0.64 37 and 0.77, 45 respectively.
The strong association between axial elongation and myopia progression is further supported by our finding that in 74% (14/19) of participants whose AL did not change during 14 years of followup, their myopia remained unchanged.
Stabilization of Axial Length and Myopia
Our study also found that although AL and myopia stabilized at generally similar ages (Fig. 2) , AL tended to stabilize slightly later than myopia. In the Younger cohort, AL stabilized at 16.5 (2.7) years and myopia stabilized at 14.3 (3.4) years. In the Older cohort, AL stabilized at 16.2 (2.4) years and myopia stabilized at 15.5 (3.6) years. For participants in the Axial Length Not Stabilized cohort, the predicted age of myopia stabilization from the Gompertz function was older (21.5 [6.0] years), significantly older than the myopia stabilization age of the Younger and Older cohorts (P,0.0001).
These ages of myopia stabilization in the Younger and the Older cohorts differ from those reported previously 30 for the "6 to less than 8" year group (15.54 [3.64] ) and "Overall" group (15.61 [4.17] ). The reason is that, in this study, cohort classification was based on AL rather than myopia measurements; therefore, the groups were not identical to the previous study. In addition, participants in the Axial Length Not Stabilized cohort, who had a much older age of myopia stabilization, were considered separately in this study, but not previously.
Another difference is that the previous study found ethnicity to be associated with both age and amount of myopia at myopia stabilization, while in the present study no association was observed with ethnicity and either age or axial length at axial length stabilization. These different results likely occurred because African Americans were overrepresented in the Axial Length Stabilized at Baseline cohort (Table 1) , which was not examined separately in the earlier report.
Although age of stabilization of AL and of myopia was generally similar, there was a tendency, in both the Younger and Older cohorts, for the age at AL stabilization to be older than the age at which myopia stabilized. This raises the possibility that the factors producing myopic axial growth are added to those that produce normal eye growth. For instance, normal axial elongation occurs without myopia in children who remain emmetropic throughout childhood. 46 Perhaps, the factors that produce myopia-related axial elongation are added to genetically controlled normal elongation to produce the final axial length. To the extent that myopiagenic axial elongation is separate from normal axial FIG. 4 . Relationship between axial length stabilization and myopia stabilization for the Younger and Older cohorts (n¼364). (A) Relationship between age at axial length stabilization and age at myopia stabilization and (B) relationship between axial length at stabilization and myopia at stabilization. Correlations (r) and P values were based on Pearson correlations. Data from the Axial Length Stabilized at Baseline cohort (n¼19) and the Axial Length Not Stabilized cohort (n¼48) were not included because axial length stabilization could not be estimated.
growth, they need not stabilize at the same age. The "excess" elongation that produces myopia could dissipate before the end of normal growth and some axial elongation could continue afterward without an increase in myopia, similar to the situation in emmetropic children. Of course, our determination of stabilization of AL and of myopia was based on fixed criteria: ,0.06 mm/year for AL and within 0.5 D of the asymptote of the Gompertz curve for myopia; so, using different criteria could have altered the observed relationship.
The parallel progression and stabilization of AL and myopia in this study contrast strongly with the absence of a parallel between myopia progression and measures of the optical components of the eye: small change in corneal power and unrelated changes in lens thickness. In a large (over 400) subset of COMET participants, corneal power decreased by less than 0.25 D over 14 years. 47 In an analysis of the COMET cohort followed over 11 years, lens thickness was found to decrease and then increase similarly in all participants, whether their myopia progressed or not, and the minimum lens thickness was not correlated with the myopia after 11 years of follow-up. 48 These results: a parallel between axial elongation and myopia progression and a lack of parallel with the two optical ocular components, support AL as the ocular component whose change is a primary determinant of refractive error. 49, 50 As shown in the COMET baseline paper, 39 girls have significantly shorter ALs than boys (23.92 vs. 24.36 
Clinical Implications
Because of the strong association between axial elongation and myopia progression found in this study, changes in AL may serve as a surrogate measure for myopia progression in clinical trials where refractive changes cannot be assessed independently, for example, evaluating orthokeratology as a myopia treatment. If AL is used as the primary outcome measurement, it would be helpful to relate it to myopia, for example, when talking to patients and their parents. Using these longitudinal data as a start, growth charts could be generated separately for boys and girls showing expected changes in myopia and the risk of high myopia, given a child's age, sex, and AL. They also could be used to evaluate the efficacy of a particular treatment.
Strengths and Limitations
A main strength of COMET was the large, ethnically diverse cohort, with well-characterized longitudinal AL and myopia measurements collected over 14 years by trained and certified investigators. Retention in the cohort was excellent with 78% (367) of participants followed for 14 years and 94% of the cohort having at least 6 years of follow-up. Another strength of this study is that individual fractional polynomial curves were fit to each participant's AL data, providing individual estimates of age and AL at stabilization. Furthermore, we devised a criterion, based on measurement variability, to determine when AL stabilization occurred, providing an estimate independent of myopia stabilization. This permitted us to examine the correlation between AL stabilization parameters and myopia stabilization parameters based on Gompertz functions for each participant whose data met our criteria for inclusion in this analysis. Thus, the values for average age and average AL at stabilization for the COMET cohort are reliable estimates that should be generalizable to a larger group of myopic children and young adults.
Because all COMET participants were myopic at the start of the study, we were unable to examine AL and refractive error before myopia onset and during the earliest stage of myopia and AL progression. Despite these limitations, this study provided valuable insight into the time course of axial elongation and myopia progression and their stabilization.
CONCLUSIONS
This longitudinal study described the course of axial elongation from the early fast elongation stage through its slowing and stabilization using 14-year longitudinal data in a large, ethnically diverse group of myopic children. It also estimated the age and AL at stabilization, and evaluated associations between the progression and stabilization of AL and myopia. This approach allowed us not only to characterize the course of axial elongation and stabilization and associated factors, but also to compare the axial changes with myopia progression in the same participants over many years. The high correlation between these two parameters supports a major role for axial elongation in the progression and stabilization of myopia. These results: a parallel between axial elongation and myopia and a lack of parallel with the two optical ocular components, support AL as the ocular component whose change is a primary determinant of refractive error. 49, 50 
